Background: The purpose of this study was to reevaluate the efficacy of prophylactic cranial irradiation (PCI) in non-small cell lung cancer (NSCLC) with the most recent published data and to identify subgroups who may be more likely to gain benefit from PCI.
INTRODUCTION
Non-small-cell lung cancer (NSCLC) accounts for ∼85% of lung cancer cases (1) . NSCLC has a propensity to metastasize to the brain. The incidence of brain metastases (BM) in NSCLC is ∼20-40% at some point during their disease course, and the brain is the first site of failure in 15-40% of cases (2, 3) . Patients with higher tumor stage, younger age, adenocarcinoma histology have a higher propensity for BM. As a result of increased loco-regional control and prolonged survival with aggressive multimodality treatment, the proportion of patients with BM is increasing. Brain metastases could lead to quality of life (QOL) impairment as well as shortened survival. Although there have been advances in the treatment and management of brain metastases for NSCLC, the prognosis is still poor with a median survival time of <6 months (4) .
Prophylactic cranial irradiation (PCI) is the most commonly used therapeutic option to decrease BM so as to prevent the morbidity associated with BM in patients with lung cancer. PCI has been demonstrated to reduce the BM incidence by 50% as well as improve overall survival (OS) for limited-stage small cell lung cancer with complete remission after multi-modality treatment (5) . For NSCLC, there have been several randomized controlled trials addressing the value of PCI in the prevention of BM. Previous studies have reported that PCI could reduce the incidence of BM by 50% with uncertain and controversial influence on OS. Recently, a randomized phase III trial RTOG 0214 published its long term updated results suggesting that PCI reduced the 10-years BM (HR = 0.43; 95% CI, 0.24-0.77; P = 0.003) while failed to prolong OS significantly (HR = 0.82; 95% CI, 0.63-1.06; P = 0.12) for stage III NSCLC. These facts suggest that PCI may not be appropriate for all the patients with NSCLC.
The aim of this study was to re-assess the role of PCI in NSCLC by preforming a systematic review of updated randomized controlled trials and explore the effects of PCI in subgroups with different risk of BM.
METHODS

Search Strategy
Databases searched included the PubMed, Embase and Cochrane Central Register of Controlled Trials (CENTRAL). The literature search was conducted initially from the date of their inception until May 31, 2019. Search terms included "non-small cell lung carcinoma, " "cranial irradiation, " "survival, " and "randomized controlled trials" (see Supplementary Material). The search was limited to clinical studies. Eligible published trials were also identified from reference lists from RCTs and systematic reviews.
Selection Criteria
Articles that met the following criteria were included: (1) Study type: RCT; (2) Participants: patients with cytologically or histologically confirmed NSCLC; (3) Intervention: PCI; (4) Reported outcome: BM and OS; (5) Language: English only. Reviews without original data, meta-analyses, animal studies, and studies with abstracts only or duplicated data were excluded.
Data Extraction and Quality Assessment
Two independent researchers reviewed titles, abstracts, and full text papers and collected data from included full text papers. The following information was extracted from the included RCTs: general information of the included studies, study design, and treatment outcome. If the data of same patient cohort were published in multiple reports, the most recently published data were collected. Discrepancies were resolved by a third researcher.
The quality of RCTs was assessed according to the Cochrane collaboration's tool for the assessment of risk of bias (6) . To provide a qualification of risk of bias, the tool consists of seven items including details of the randomization method, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting and other sources of bias. Each of the items is scored as "low risk, " "unclear risk, " or "high risk."
Statistical Analysis
Statistical analysis was conducted by Review Manager (RevMan) version 5.3 and STATA 12.0. Relative risks (RR) and 95% confidence intervals (CI) for BM were calculated based on the number of BM events as well as group totals. Hazard ratios (HR) and 95% CI for OS were extracted from the research article or derived by the use of other available data according to the method proposed by Tierney et al. (7) . For the study by Umsawasdi (8) presenting Kaplan-Meier survival curves, Engauge Digitizer was used to derive HR for OS from the Kaplan-Meier graph (7) .
Subsequently, random-effect model was used to calculate the pooled RR or HR and 95% CI for each treatment outcome. Subgroup analysis of BM and OS was conducted to determine whether the results would change according to pathology (squamous cell carcinoma vs. non-squamous cell carcinoma), local treatment modality (prior surgery vs. no prior surgery) and performance status (WHO 0-1 vs. WHO 2-3). Heterogeneity of the studies was assessed by the use of I 2 -tests (9). Egger's linear regression test and Begg's rank correlation test were performed to assess publication bias (10, 11) . If Egger's test indicates significant publication bias, a sensitivity analysis will be conducted excluding small studies (weight < 10%). All statistical tests were two-sided and statistical significance was defined as P < 0.05.
RESULTS
Literature Search and Methodological Quality Assessment
Citation selection was illustrated in Figure 1 . A total of 1,371 publications were yielded after electronic literature search. After removing the duplicated and irrelevant records, eight full-text articles were assessed for eligibility. After reading the full text, one randomized trial (12) was excluded due to heterogeneous local treatment between the two arms (curative surgery followed by post-operative thoracic radiotherapy vs. chemotherapy and concurrent chemoradiotherapy followed by thoracic surgery).
The results of methodological quality assessment are presented in Figure 2 . In terms of randomization sequence generation, all included studies were judged to be at low risk. Furthermore, allocation concealment was adequate in five of the included studies (13) (14) (15) (16) (17) . The reviewers judged the study of Li et al. (15) to be at high risk in regard to blinding of participants and personnel because the study was an open-label trial. Since all included studies assessed outcomes by objective method, they were judged to be at low risk of introducing detection bias. Due to lack of intention to treat analysis in the study of Cox et al. Frontiers in Oncology | www.frontiersin.org (13) , the study were judged to be at high risk of introducing attrition bias.
Study and Patient Characteristics
The study and characteristics of the included seven trials are shown in Table 1 . The seven included studies reported on a total of 1,462 patients between 1981 and 2019, with 717 in PCI group and 745 in non-PCI group. Several important individual differences exist among the included studies. Firstly, four studies (14, 15, (17) (18) (19) enrolled stage III NSCLC patients only, two studies (8, 16) included stage I-III patients, and one study (13) included inoperable NSCLC patients with unclarified stage. Secondly, the local curative treatment preceding PCI differed from one study to another. The patients in study of Cox et al. (13) received radiotherapy alone. Three trials (8, 14, 17) treated patients with curative local treatment consisted with radiotherapy, chemotherapy and surgery. One trial treated patients with surgery and adjuvant chemotherapy (15) . Patients enrolled in RTOG 8403 (16) were administered with chest radiotherapy alone or surgery followed by chest radiotherapy. And one trial (18, 19) treated patients with combination of chemo-radiotherapy and radiotherapy alone. Thirdly, brain imaging method differed between trials. Most studies mandated a brain scan by radionuclide (8, 13) , CT (8, 14, 16) , or MRI (14, 15, 17) prior to study entry. However, one study (18, 19) did not give any information regarding pretreatment brain imaging. Fourthly, the most commonly used prescription dose for PCI was 30 Gy (in 10 or 15 fractions) whereas some patients received 37.5 Gy in 15 fractions, 20 Gy in 10 fractions, or 36 Gy in 18 fractions.
Outcomes
Brain Metastasis
As to the effect of PCI on BM, the majority of included studies demonstrated a significant decrease in the incidence of brain metastases brought by PCI. Taken all included trials together, PCI compared with non-PCI was correlated with a significant reduction on BM (RR: 0.37; 95% CI: 0.26-0.52) based on random-effect model according to the results of the heterogeneity test (I 2 = 20%, P = 0.27). The forest plot for BM was shown in Figure 3A . Egger's test suggested significant publication bias (P = 0.018) while Begg's test indicated no significant publication bias (P = 0.072). Sensitivity analysis excluding small studies (8, 18, 19) (weight < 10%) showed that PCI could decrease the risk of BM (HR = 0.42; 95% CI: 0.31-0.57) without significant publication bias assessed by Egger's test (P = 0.311).
Overall Survival
The OS outcome was measured in terms of the HR of the PCI group compared with the non-PCI group. The combined result revealed no significant OS prolongation brought by PCI with a pooled HR of 1.01 (95% CI: 0.87-1.22) (Figure 3B) . The heterogeneity between the PCI group and non-PCI group was statistically significant (I 2 = 57%, P = 0.03). Sensitivity analysis showed that the heterogeneity was largely due to the study by Millar et al. (18) which revealed an opposite direction of effect (HR = 1.48) from the other 6 trials (HRs from 0.81 to 1.16). As a result, we combined the results by a random-effect model. No significant publication bias was suggested by Egger's and Begg's tests (P = 0.635 and 0.734, respectively).
Subgroup Analyses
Subgroup analyses for BM were performed according to pathology, prior treatment, and performance status ( Table 2) . Subgroup analyses demonstrated that the treatment effects of PCI were similar between the predefined subgroups by pathology (Figure 4 ) and prior treatment to that observed in the primary analysis of BM in the overall population ( Figure 5 ). As shown in Figure 6 , PCI could decrease BM by 79% (HR 0.21; 95% CI, 0.10-0.47) for patients with good performance status (WHO 0-1). However, PCI failed to provide a significant beneficial effect on BM (HR 0.51; 95% CI, 0.10-2.65) for patients with WHO 2-3.
PCI Related Adverse Events and Quality of Life (QOL)
The summary of PCI related toxicities and QOL are shown in Table 3 . Most included studies except for that of Cox et al. (13) reported data on the PCI related toxicities while only few studies assessed QOL (14, 15, 20) . The PCI related acute toxicities were as follows: alopecia (grade 1-2 in 42%) (8, 14) , headache (grade 1-3 in 27-38% and grade 3 in 1%) (14, 15) , fatigue (grade 1-3 in 22-64% and grade 3 in 2-15%) (14, 15, 17) , skin toxicity (grade 1-2 As for neurocognitive adverse events, two included studies addressed this issue. The trial NAVLT reported high incidence of grade 1-2 memory impairment (30 vs. 8%) and cognitive disturbance (18.5 vs. 3.5%) in the PCI group compared with observation group (14) . However, RTOG 0214 reported no neurocognitive function deterioration by the tool of Mini-Mental Status Examination (MMSE) while greater deterioration in immediate recall and delayed recall evaluated by the tool of Hopkins Verbal Learning Test (HVLT) (20) .
Only three studies (14, 15, 20) reported on QOL and no significant differences were observed between the PCI and non-PCI group.
DISCUSSION
This meta-analysis pooled seven updated randomized trials with 1,462 patients to reassess the role of PCI in NSCLC. The results confirmed the efficacy of PCI in terms of BM incidence reduction (RR = 0.37, P < 0.001) without a corresponding OS benefit for NSCLC (HR = 1.01, P = 0.74). The results of subgroup analysis suggested a beneficial role for PCI in prevention of BM regardless of pathology and local treatment. However, the positive role of PCI in reducing the risk of BM could only been observed in patients with good performance status.
To the best of our knowledge, this is the most recent meta-analysis with all available updated data from randomized controlled trials regarding the role of PCI for NSCLC. Previously, four meta-analyses (21-24) have been carried out to evaluate the efficacy of PCI for NSCLC with inconsistent results. Published reviews demonstrated the effect of PCI in the prevention of BM in NSCLC which are in line with our findings. However, with regard to effect of PCI on OS, previous reviews drew discordant conclusions. In the meta-analysis of Al Feghali and Lester (21, 22) , PCI failed to prolong survival for NSCLC while Xie et al. (24) reported a detrimental effect on survival with PCI over observation. The meta-analysis by Xie et al. (24) included the RCT of Pottgen et al. (12) , which was judged by our reviewers impossible to evaluate the effect of PCI on BM due to the study design that local treatment between the two arms was different. Furthermore, the meta-analysis by Xie et al. (24) didn't include the recent RCT of Li et al. (15) and De Ruysscher et al. (14) with proper study design and advanced brain imaging, staging and treatment modality. Recently, the trial RTOG 0214 with the largest sample size published its long follow-up result indicating that PCI could improve 5-and 10-years DFS but had no beneficial impact on OS (17) . Including the updated data of RTOG 0214, our study revealed no beneficial effect of PCI on OS for NSCLC. The lack of OS benefit may be associated with absence of extra-cranial tumor control that result in death. Furthermore, brain MRI surveillance and early salvage brain radiotherapy (WBRT/SRT) may not compromise OS for patients randomized to observation group.
We further performed subgroup analysis to evaluate if PCI could reduce the BM risk for the subset with the different risks of BM. It has been recognized that patients with advanced tumor stage, non-squamous cell carcinoma histology, and younger age have a high propensity for CNS dissemination (25) (26) (27) . Using available data from published trials, we performed subgroup analysis only by pathology, local treatment modality and performance status. Local treatment with prior surgery may be an indicator of relatively lower tumor stage. In our study, the treatment effects of PCI were similar between the subgroups by pathology (squamous cell carcinoma vs. nonsquamous cell carcinoma) and prior treatment (prior surgery vs. (28) . The relatively short survival in patients with poor performance status may contribute to decreased incidence of BM and therefore result in no significant benefit derived from PCI. In addition to the efficacy of PCI, toxicities, and QOL are another major concern. Acute toxicities commonly include alopecia, headache, fatigue, nausea, and vomiting, which are generally manageable. The incidence of late non-neurologic sequelae, such as weakness and fatigue is relatively low (<5%). PCI can result in some neurocognitive function deterioration but has no effect on QOL. To preserve cognition for patients with PCI, there are several strategies. Firstly, the delivered PCI dose for NSCLC could be optimized. In limited stage small cell lung cancer, a lower dose of 25 Gy was non-inferior and correlated with less neurocognitive toxicity compared to a higher dose of 36 Gy (29) . Secondly, reducing radiation dose to the hippocampus in the case of whole brain radiotherapy (WBRT) has been demonstrated to preserve cognitive function for patients with BM (30) . Thirdly, use of neuroprotective drug Memantine concurrently with WBRT could delay time to cognitive function decline as well as decrease the rate of memory decline, executive function and processing speed (31) .
Our meta-analysis has several strengths. The methodology of this meta-analysis is in line with the Cochrane Handbook of Systematic Reviews. Furthermore, this meta-analysis included the most recent data of included randomized trials. Besides, it is the only meta-analysis with subgroup analysis focusing on the impact of PCI on BM and identified patients with poor performance status not suitable for PCI.
Several limitations of the meta-analysis should be considered in interpreting our findings. Firstly, the studies included were heterogeneous with different study design and various patient populations and the analysis is not based on individual patient data. Secondly, we could not clarify the impact of PCI on OS of different subsets because the survival data was not available in most of the included trials. Finally, we did not rule out the risk of bias in individual studies, as the number of included articles was <10.
CONCLUSIONS
Overall, our meta-analysis reveals that PCI significantly decreases BM incidence without a corresponding OS benefit. However, PCI fails to prevent BM for patients with poor performance status. PCI may impair neurocognitive function but have no impact on QOL. An individual patient data meta-analysis may identify patients with high propensity for BM that could achieve OS prolongation with PCI.
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